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Abstract 15 
Austinite (CaZnAsO4OH) is a unique secondary mineral in arsenic-contaminated mine 16 
wastes. The infrared and Raman spectroscopies were used to characterize the austenite 17 
vibrations. The IR bands at 369, 790 and 416 cm-1 are assigned to the 2, 3 and 4 vibrations 18 
of AsO43- unit, respectively. The Raman bands at 814, 779 and 403 cm-1 correspond to the 1, 19 
3 and 4 vibrations of AsO43- unit respectively. The sharp bands at 3265 cm-1 for IR and 20 
3270 cm-1 both reveals that the structural hydroxyl units exist in the austenite structure. The 21 
IR and Raman spectra both show that some SO4 units isomorphically replace AsO4 in 22 
austinite. X-ray single crystal diffraction provides the arrangement of each atom in the 23 
mineral structure, and also confirms that the conclusions made from the vibrational spectra. 24 
Micro-powder diffraction was used to confirm our mineral identification due to the small 25 
quantity of the austenite crystals.    26 
 27 
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1. Introduction  30 
Arsenic is a common contaminant in mine waste, which comes from the oxidization of 31 
arsenic-containing pyrite and arsenopyrite (FeAsS). These minerals release arsenic (+3 and 32 
+5) through acid dissolution [1]. Austinite is the secondary arsenate mineral, which has 33 
chemical formula CaZn(AsO4)OH and commonly occurs in the oxide zone of mine waste and 34 
ore bodies [2]. Austenite can occurs readily in these severe weathered zones and control the 35 
migration of arsenic from mine wastes; these facts prompt us to consider the application of 36 
austinite for arsenic remediation and identification of the mineral.  37 
 38 
Austinite belongs to adelite mineral group, which has the general formula ABAsO4(OH) 39 
(where A=Ca or Pb, and B=Co, Cu, Zn, Mg or Fe) and space group P212121 [3]. So far, there 40 
are totally seven arsenate minerals with this group have been found and named. They are 41 
adelite (CaMg(AsO4)OH), arsendescloizite (PbZn(AsO4)OH), austinite (CaZn(AsO4)OH), 42 
cobaltaustinite (CaCo(AsO4)OH), conichalcite (CaCu(AsO4)OH), duftite (PbCu(AsO4)OH) 43 
and gabrielsonite (PbFe(AsO4)OH).       44 
 45 
In this research we present both the Raman spectra and infrared spectra of selected austenite 46 
crystals, provide the vibration modes of arsenate unit in the mineral structure, also established 47 
the corresponding 3-D crystal structure and diffraction data by X-ray single crystal diffraction 48 
and Micro-powder diffraction. The understanding of these spectra and crystal structure data is 49 
conductive to build the spectroscopic diagnostic method of these kinds of secondary minerals. 50 
 51 
2. Experimental  52 
2.1.Minerals  53 
Austinite was obtained from Gold Hill Mine, Tooele Co., Utah, USA. Other secondary 54 
arsenic containing minerals, such as scorodite (FeAsO42H2O), tooeleite 55 
(Fe6(AsO3)4SO4(OH)4·H2O), have been found [4, 5]. The austenite mineral appears as silky 56 
aggregates and is found with arsenic-containing limonite and tooeleite (Fig. 1).  57 
 58 
 59 
 60 
Insert figure 1 here 61 
 62 
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2.2.Infrared and Raman spectroscopy  63 
The infrared spectrum of austinite was recorded between 250-4000 cm-1 at a spectral 64 
resolution of 4 cm-1 (Nicolet 5700, Thermo Electron Company). The pellet sample was 65 
prepared by mixing austinite powder with anhydrous CsI. 66 
 67 
The Raman spectroscopy of austinite was collected from Raman microcope installed with a 68 
514 nm diode laser together with Leica DMLM optical microscope. The scan range is from 69 
4000-300 cm-1.  70 
 71 
The spectroscopic band component analysis was undertaken using the Jandel ‘Peakfit’ 72 
(Erkrath, Germany) software package after performed baseline correction using the Spectra 73 
package GRAMS (Galactic Industries Corporation, NH, USA). The band fitting was done 74 
using a Lorentzian-Gaussian cross product function with the minimum number of component 75 
bands used for the fitting process. The Gaussian-Lorentzian ratio was maintained at values 76 
greater than 0.7 and fitting was undertaken until reproducible results were obtained with 77 
squared correlations of r2 greater than 0.995. 78 
 79 
2.3.Single crystal diffraction and micro-powder crystal diffraction  80 
The single-crystal diffraction data of the selected austenite crystal were performed on Bruker 81 
SMART APEX CCD diffractometer with graphite-monochromated Mo K radiation 82 
(λ=0.71073 Å) at 50 kV and 40 mA. The micro-powder crystal diffraction pattern of austenite 83 
also was collected at scanned angle 4-60 and step of 0.020. This study totally collected 84 
3253 diffractions with  rang of 3.53 to 33.14°. The SHELX program was used for all 85 
structural calculations. 1411 independent reflections were used for finial refinement 86 
(Rint=0.0318). The refinement result includes all atom coordinates and 3D-crystal mode of 87 
mineral.  88 
 89 
3 Result and discussion  90 
3.1 Infrared spectrum of austinite  91 
    The infrared spectrum of austinite in the 250-1200 cm-1 and 1200-4000 cm-1 is shown in 92 
Figure 2a and b, respectively. According to Gomez et al. [6] and Frost et al. [7], A free AsO43- 93 
unit is tetrahedral, which exhibits four fundamental vibrations: the non-degenerate symmetric 94 
stretching model 1 (A1) at 818 cm-1, the doubly degenerate bending mode 2(E) at 350 cm-1, 95 
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the triply degenerate antisymmetric stretching mode 3(F2) at 786 cm-1 and the triply 96 
degenerate antisymmetric bending mode 4(F2) at 405 cm-1. The protonation, metal 97 
complexation, and/or adsorption on a mineral surface will cause that the symmetry of AsO43- 98 
(Td) reduce to C3, C2 or even C1. This loss of degeneracy causes splitting of degenerate 99 
vibrations to the different wavenumbers. 100 
 101 
Due to lack of enough crystals, the infrared spectrum of austintie hasn’t been reported. In the 102 
spectrum of austinite, a most intense band is observed at 790 cm-1 and is assigned to the 103 
vibration (3) of AsO43- (Fig. 3a). A moderate intense band is observed at 416 cm-1 and is 104 
assigned to the vibration (4) of AsO43-. These vibrations (3 and 4) are active in the IR of 105 
austinite. Once the AsO43- unit enters into crystal structure, the corresponding symmetry and 106 
coordination changes, the A1 band may shift to the different wavenumbers and the doubly 107 
degenerate E and triply degenerate F modes give rise to several new A1, B1 and/or E 108 
vibrations [8]. For these reasons, the two bands are observed in 846 and 918 cm-1 by peak 109 
resolution and are attributed to the 3 antisymmetric stretching modes. The hidden band at 110 
740 cm-1 may be attributed to the deformation vibration of OH in austinite (Fig. 2a). Frost et 111 
al. [7, 9] investigated the vibrations of the mineral sarmientite (Fe2(AsO4,SO4)2(OH)65H2O) 112 
and mineral philipsbornite PbAl3(AsO4)2(OH)5H2O, and reported that a series of bands at 113 
762, 794, 814, 831 cm-1 are assigned to the 3 vibration of AsO43- [7, 9].  114 
 115 
A weak band is observed at 981 cm-1 and is assigned to the 1 vibration of SO42-. This result 116 
shows that the trace SO42- unit substitutes for AsO43- in the natural austenite structure. A free 117 
SO42- unit has the same tetrahedral symmetry as AsO43-, and also has four fundamental 118 
vibrations. These vibrations respectively occur at 983(1), 450(2), 1105(3) and 611(4) cm-1 119 
[10]. For the IR spectrum of austinite, two broad and weak bands are observed in the higher 120 
wavenumber of 1 band, which is due to the division of 3 band. An obvious band is observed 121 
at 463 cm-1 and is attributed to the 2 vibration of SO42-.    122 
 123 
Fig. 2b shows the FT-IR spectrum in the region between 1200 and 4000 cm-1. The region 124 
between 3000 and 3800 cm-1, know as the OH stretching region, is characterized by two 125 
broad bands at 3152 and 3265 cm-1. The sharp band is observed at 3265 cm-1 by band 126 
resolution and is ascribed to structural OH stretching band of austunite. This band also occurs 127 
at 3270 cm-1 for Raman spectrum of austinite (Fig. 3b). Except this band, no other OH 128 
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stretching vibrations are observed in the Raman spectrum.    129 
 130 
Insert Figure 2 here 131 
Insert Table 1 here  132 
 133 
3.2 Raman spectrum of austinite  134 
Compared to the infrared spectrum of austinite, fewer obvious Raman bands occur at the 135 
region of 400-1000 cm-1 (Fig. 3a) and only one band occurs at the region of 3000-4000 cm-1 136 
(Fig. 3b). A very intense band is observed in 828 cm-1, which is attributed to the 1 AsO43- 137 
symmetric stretching vibration. Three bands with medium intensity occur at 814, 802 and 779 138 
cm-1. These bands are assigned to the AsO43- stretching vibrations and determined to be of Ag 139 
symmetry. Our observation of these bands 814, 802 and 779 cm-1 is in good agreement with 140 
the data published by Bartholomäi and Klee [14]. They reported that these arsenate bands in 141 
the Raman spectra of mimetite (Pb5(AsO4)3Cl) were at 816, 809 and 765 cm-1. These bands 142 
are active for Raman spectrum, but not for IR spectrum. Frost et al. [15] recently reported the 143 
Raman spectrum of bayldonite ((Cu,Zn)3Pb(AsO3OH)2(OH)2) and the corresponding Raman 144 
bands were found at 838, 809 and 771 cm-1 [15].  145 
 146 
Only one obvious and sharp band occurs at 3270 cm-1 for the Raman spectrum of 3000-4000 147 
cm-1 (Fig. 3b). This band is assigned to the O-H asymmetric vibration of structural hydroxyl 148 
in austinite, which is both Raman and infrared active. The obvious infrared vibration revealed 149 
by peak fit occurs in 3265 cm-1 (Fig.2b), which is assigned to the O-H asymmetric vibration 150 
of structural hydroxyl in austinite. The observed IR result is agreement with the Raman 151 
spectrum. A weak band is observed at 465 cm-1 and assigned to the 2 vibration of SO42-, 152 
which is also in very agreement with the observation of infrared spectrum. The SO42- unit has 153 
the same tetrahedral symmetry as AsO43-, so they can easily enters into the respective 154 
secondary arsenate and sulfate minerals. In fact, SO42- ions are the common oxyanion in the 155 
mine waste and mine drainage, which come from the oxidization of sulfide minerals, such as 156 
pyrite (FeS) and arsenpyrite (FeAsS) [16]. It has been reported that AsO43- can institute SO42- 157 
of some secondary minerals in mine area, such as schwertmannite (Fe8O8(OH)6SO4) [17] and 158 
jarosite [18]. 159 
 160 
Insert Figure 3 here 161 
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 162 
3.3 Structure of austinite 163 
The crystal structure of austinite is determined by X-ray single crystal diffraction. The 164 
corresponding arrangement of all atoms in crystal structure is given in Table 2. Seen from Fig. 165 
4 and Table 2, an As atom coordinates with four O atoms (1-4), their bond length nearly is the 166 
same (1.683-1.697 Å) and form a As-O tetrahedral. A Zn atom coordinates with two O atoms 167 
(4 and 5), their bond length is 2.212 and 1.940 Å, respectively. Ca atom shares the same O 168 
atoms with Zn, the Ca-O bond length is 2.311 and 2.544 Å. The structure of austinite forms 169 
by link of single crystal structure and appears as M=M-T frame work structure (edge-sharing 170 
octahedral chains linked by tetrahedral vertices).  171 
 172 
Due to the requirement on quantity of powder sample, the common X-ray diffractometer can 173 
not provide the desirable diffraction result. Micro-Powder X-ray pattern is used to obtain the 174 
powder diffraction pattern of austinite. Fig. 5 shows that the selected mineral have identical 175 
pattern with PDF 37-445 in the region of 2 5-40 by wave length transformation ( Cu 176 
KMo K), which further confirm that the natural sample is crystalline austintie without 177 
any other phases. Our refined result of crystal cell indicates: a (7.4902 Å), b (9.0337 Å) and c 178 
(5.9197 Å), the unit volume is 400.55 Å3, which is smaller than the ideal size provided by 179 
PDF 37-445 (a=7.507, b=9.038, c=5.929 Å and unit volume =402.37 Å). We propose an 180 
explanation of this difference is the smaller SO4 unit (S-O distance 1.47 Å) substitution for 181 
AsO4 (As-O 1.68 Å). These changes of unit cell will affect the microscopic stability of 182 
austinite. So, it is necessary to consider the effect of coexisting SO42- on mineral structure in 183 
the identification of secondary arsenic minerals in mine waste.  184 
Insert Figure 4 here 185 
Insert Figure 5 here 186 
 187 
 188 
Conclusions  189 
The austinite has obvious diagnostic infrared and Raman bands. The infrared spectra of 190 
austnite are characterized by bands at 369, 790 and 416 cm-1. They are attributed to the 2, 3 191 
and 4 vibrations of AsO43- unit respectively. The Raman spectra of austinite are 192 
characterized by bands at 814, 779 and 403 cm-1, which are attributed to the 1, 3 and 4 193 
vibrations of AsO43- unit respectively. Both infrared and raman spectroscopes confirm that 194 
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the SO4 units are substituted for some AsO4 in austinite mineral structure. The characteristic 195 
band of hydroxyl in austinite mineral appears in 3265 and 3270 cm-1 for infrared and Raman 196 
spectra. X-ray single crystal diffraction shows that the configuration of all atoms. The 197 
refinement result shows that the cell size of natural austinite is smaller than the desirable 198 
mineral due to the institution of SO42- for AsO43-. 199 
 200 
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Table 1. Vibrations of SO4 and AsO4 from this study and references[10-13] 
AsO4 
Free AsO43- This study  
Position (cm-1) Assignment IR Raman  
818 1  814 
350 2 369 - 
786 3 790 779 
405 4 416 403 
 Free SO42- This study 
SO4 
Position (cm-1) Assignment IR Raman 
983 1 981 - 
450 2 463 465 
1105 3 1109, 1030 - 
611 4 - - 
 
17 
 
Table 2. Bond lengths [Å] and angles [°] for austinite 
Assignment   Distance Assignment  Angles  
As1—O3  1.683(5) O3—As1—O4 113.56(26)  
As1—O4  1.688(5) O3—As1—O2 103.80(25)  
As1—O2  1.688(5) O4—As1—O2 115.18(26)  
As1—O1  1.697(5) O3—As1—O1 112.76(24)  
Zn1—O5  1.940(5) O4—As1—O1 108.53(24)  
Zn1—O4  2.212(5) O2—As1—O1 102.55(24)  
Zn1—Ca1  3.440(2) O5—Zn1—O4 86.13(19)  
Ca1—O5  2.311(5) O5—Zn1—Ca1 39.79(14)  
Ca1—O4  2.544(5) O4—Zn1—Ca1 47.64(12)  
   O5—Ca1—O4 71.47(16)  
 
 
 
 
